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Abstract. Africa is home to the last intact guild of large carnivores and thus provides the
only opportunity to investigate mechanisms of coexistence among large predator species.
Strong asymmetric dominance hierarchies typically characterize guilds of large carnivores; but
despite this asymmetry, subdominant species may persist alongside their stronger counterparts
through temporal partitioning of habitat and resources. In the African guild, the subdominant
African wild dogs and cheetahs are routinely described as diurnal and crepuscular. These
activity patterns have been interpreted to result from the need to avoid encounters with the
stronger, nocturnal spotted hyenas and lions. However, the idea that diel activity patterns of
carnivore species are strongly shaped by competition and predation has recently been
challenged by new observations. In a three-year study in the Okavango Delta, we investigated
daily activity patterns and temporal partitioning for wild dogs, cheetahs, spotted hyenas and
lions by ﬁtting radio collars that continuously recorded activity bursts, to a total of 25
individuals. Analysis of activity patterns throughout the 24-h cycle revealed an unexpectedly
high degree of temporal overlap among the four species. This was mainly due to the extensive
and previously undescribed nocturnal activity of wild dogs and cheetahs. Their nocturnal
activity ﬂuctuated with the lunar cycle, represented up to 40% of the diel activity budget and
was primarily constrained by moonlight availability. In contrast, the nocturnal activity
patterns of lions and hyenas were unaffected by moonlight and remained constant over the
lunar cycle. Our results suggest that other ecological factors such as optimal hunting
conditions have shaped the diel activity patterns of subdominant, large predators. We suggest
that they are ‘‘starvation driven’’ and must exploit every opportunity to obtain a meal. The
beneﬁts of activity on moonlit nights therefore offset the risks of encountering night-active
predators and competitors.
Key words: activity data-loggers; African carnivore guild; coexistence; costs-beneﬁts; moonlight;
nocturnal activity; predator–predator relationships; temporal niche.
INTRODUCTION
Intraguild competition and predation have been
recognized as important ecological factors inﬂuencing
the population dynamics of carnivores (Palomares and
Caro 1999, Linnell and Strand 2000, Caro and Stoner
2003). For example, interactions with dominant species
could be responsible for the general rarity of compet-
itively inferior carnivore species (Palomares and Caro
1999, Caro and Stoner 2003) and may push some
species, such as the African wild dog (Lycaon pictus), to
the edge of extinction (Vucetich and Creel 1999).
Understanding the relationships among the members
of a guild is particularly important for large carnivores
as they tend to be extinction prone, due to low
population densities and low reproductive rates (Purvis
et al. 2000). Furthermore, human-induced habitat loss
and fragmentation are forcing carnivores to inhabit
ever-smaller areas, increasing the frequency of antago-
nistic interactions and hence potentially accelerating
extinction rates (Creel 2001, Caro and Stoner 2003).
Prior to a wave of extinctions during the Late
Pleistocene and the modern era, guilds of large predators
were widespread on all ﬁve continents (Barnosky et al.
2004, Koch and Barnosky 2006, Turvey and Fritz 2011).
Today, however, an intact guild of large predator species
can be found only in Africa (Valkenburgh 1988,
Dalerum et al. 2009). The African guild, which consists
of the African wild dog, the cheetah (Acinonyx jubatus),
the leopard (Panthera pardus), the spotted hyena
(Crocuta crocuta), and the lion (P. leo), thus offers the
last opportunity to investigate a complete range of
interactions among large predators. Large predators in
extant and extinct guilds are known to compete for
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similar prey species, despite the variation in body size
among guild members (Sinclair et al. 2003, Radloff and
Du Toit 2004). This body-size variation has led to
strong interspeciﬁc dominance hierarchies, resulting in
larger members of the guild dominating the smaller ones
(Rosenzweig 1966, Maynard-Smith and Parker 1976,
Polis and Holt 1992, Carbone et al. 1997, Palomares and
Caro 1999, Woodward and Hildrew 2002). Lions and
hyenas are, for example, known to kill wild dogs and
cheetahs, steal their food, and exclude them from prey-
rich areas, whereas wild dogs and cheetahs have little or
no inﬂuence on the dominant members of the guild
(Laurenson et al. 1995, Mills and Gorman 1997, Durant
1998, Gorman et al. 1998, Creel and Creel 2002).
It has been suggested that smaller, subdominant
species coexist with their larger and more dominant
counterparts through temporal partitioning of habitats
and resources (Pianka 1974, Schoener 1974a, Durant
1998, Linnell and Strand 2000, Harrington et al. 2009).
Temporal partitioning as a mechanism to reduce
competition or predation has been suggested, for
example, between predators and prey (Sih 1980, Kotler
et al. 1993, Ziv et al. 1993) and between the early
mammals and the dominant dinosaurs (Crompton et al.
1978, but see Schmitz and Motani 2011). Accordingly, it
is widely accepted that lions and hyenas have strongly
shaped the temporal niches of wild dogs and cheetahs.
In particular, the previously described diurnal and
crepuscular activity pattern of wild dogs and cheetahs
has commonly been interpreted as a behavioral adapta-
tion to avoid encounters with the predominantly night-
active lions and hyenas (Hayward and Slotow 2009).
Direct ﬁeld evidence for temporal partitioning in
African large predators is, however, lacking, and there
has been no detailed study of activity patterns conducted
on all species of the guild at the same time and in the
same place. In the only published paper dealing with the
topic, Hayward and Slotow (2009) conclude that ‘‘top-
down effects appear to drive temporal partitioning
within the [African] large-predator guild’’ and that
‘‘the remaining members of the guild probably evolved
to become active in periods that limit their potential for
interaction with lions.’’ In fact, anecdotal observations
(Schaller 1972, Creel and Creel 2002) and a more recent
study (Rasmussen and Macdonald 2011) suggest that
light availability at night may inﬂuence activity patterns
of wild dogs and cheetahs, and that nocturnal activity
may be more pronounced than previously thought, thus
questioning the real role of lions and hyenas in
inﬂuencing the activity patterns of the two subdominant
species.
While a critical test of the temporal partitioning
hypothesis would involve removing the dominant
predators and looking for a change in the behavior of
the subdominant species, such a study is clearly
impractical. Instead, by carrying out a detailed study
of activity patterns of a population of sympatric large
predators, we aimed to test whether the activity patterns
of wild dogs and cheetahs appear to have been primarily
shaped by light availability, rather than by avoidance of
lions and spotted hyenas. For this purpose, we attached
radio collars equipped with activity sensors to a total of
25 individuals of the four species, in a region of the
Okavango Delta in northern Botswana. We ﬁrst
investigated how activity was distributed throughout
the 24-h cycle for all species. Second, we tested if the
nocturnal activity patterns were correlated with moon-
light availability. A strong positive relationship would
suggest that light availability plays an important role in
determining activity at night. Third, for wild dogs and
cheetahs, we investigated whether there were trade-offs
in activity during different periods of the 24-h cycle.
Speciﬁcally, we investigated whether increased nocturnal
activity resulted in reduced activity on the following day.
Trade-offs in activity within the 24-h cycle would
suggest that, when moonlight is sufﬁcient, subdominant
predators shift their diurnal activities to the night hours,
despite the risk associated with a higher likelihood of
encountering more dominant members of the guild.
METHODS
The African large predator guild
The African large predator guild consists of ﬁve
species: the African wild dog, the cheetah, the leopard,
the spotted hyena, and the lion (Hayward and Slotow
2009), which are characterized by a pronounced
predatory behavior. The members of the guild vary in
body mass ranging from 200 kg (lion) to 25 kg (wild
dog), giving rise to a dominance hierarchy where the
larger lions and hyenas clearly dominate the smaller wild
dogs and cheetahs. In contrast to lions and hyenas, the
outcome of interactions between leopards vs. wild dogs
and cheetahs is less unidirectional. Leopards have
furthermore been shown to be almost equally active
during day- and nighttime and therefore not unequiv-
ocally categorized as nocturnal/crepuscular or as diur-
nal/crepuscular (Hayward and Slotow 2009, McManus
2009). Because leopards are active throughout the 24-h
cycle, they are not likely to bias the behavior of the other
species toward or away from any particular time of the
day. For this reason, they were not included in the study.
Field work
Radio collars equipped with sensors (Vectronic
Aerospace GmbH, Berlin, Germany) speciﬁcally de-
signed to record activity data (more detail follows) were
ﬁtted to the study animals (following Osofsky et al.
1995, Kock et al. 2006) by a registered veterinarian in
compliance with Botswana law. After immobilization,
the collared individuals safely rejoined their group
showing no signs of distress. Between 2008 and 2010,
we monitored the activity of a total of seven wild dogs in
ﬁve packs, six cheetahs, six hyenas in ﬁve clans, and six
lions in ﬁve prides. All four species were found
throughout the entire study area. The collared animals
ranged over an area of approximately 4000 km2 and
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their territories largely overlapped (Appendix A).
Throughout the duration of this study, at least two
individuals of each species were collared at any time.
However, no more than one individual per social group
was collared at any given time to avoid data duplication
owing to the collective movement of group members.
Data were recorded for a mean of 329 d for cheetahs
(range, 217–472 d); 368 d for wild dogs (range, 217–448
d); 416 d for lions (range, 328–486 d); and 432 d for
hyenas (range, 310–587 d).
Subdivision of a 24-h cycle
To investigate activity patterns, we divided each 24-h
cycle into ﬁve periods: night, morning twilight, morning,
afternoon, and evening twilight. These periods reﬂect the
main activity periods for wild dogs and cheetahs (day
and twilight) and for lions and hyenas (night and
twilight) as currently described in the literature (Hay-
ward and Slotow 2009). Night stretched between the
astronomical dusk and dawn, when the sun is 188 below
the horizon and sunlight contribution to overall
luminosity is nil. The morning twilight started at dawn
and ended at sunrise; the evening twilight started at
sunset and ended at dusk. The day lasted from sunrise to
sunset and the division between morning and afternoon
occurred around noon each day (Appendix C).
Nighttime was further divided into seven periods;
three periods before midnight, one period across the
midnight hour, and three periods after midnight. Each
period (apart from the midnight period) had an exact
duration of 1.2 h and was therefore directly comparable
to the duration of the morning and afternoon twilight
periods. Because the overall night length slightly changes
over time, we had to adjust the length of the period
spanning midnight, which therefore varied slightly in
length (630 minutes).
Light availability and environmental factors
Moonlight intensity, our main predictor variable, was
taken as a measure of light availability at night and was
deﬁned as the percentage of the lunar disc illuminated
(United States Naval Observatory 2011). Full-moon
nights and new-moon nights were deﬁned when respec-
tively 95% and 5% of the lunar disc was illuminated,
giving four or ﬁve full-moon and four or ﬁve new-moon
nights per lunar cycle. First-quarter and third-quarter
moon (i.e., half of the moon visible from the Earth’s
surface) were deﬁned when the percentage of the lunar
disc illuminated was between 45% and 55%. We refer to
these phases of the lunar cycle as half-moon waning and
half-moon waxing. Since cloud cover reduces available
moonlight during the wet season, we only considered
data collected during the dry season (April–October)
when cloud cover was negligible. Because temperature
has been shown to inﬂuence activity patterns of
carnivore species (Theuerkauf 2009), we obtained
records for the study area and used temperature as a
covariate in our statistical models. For each day,
average temperatures for the ﬁve periods of the 24-h
cycle were calculated using the data recorded at 15-
minute intervals by a ﬁxed weather station situated in
Maun, the town closest to the study area (Jacana raw
weather data for 2006–2011 are available online).5 Maun
lies at the southern edge of the Okavango Delta and is
part of the same geo-ecological system as the study site.
Data analysis
The activity data used in our analyses were system-
atically collected by radio collars equipped with two
motion sensors mounted on the study animals. The two
motion sensors continuously recorded activity bursts
and summed them over 5-minute intervals; a raw data
point consisted of the number of activity bursts per 5
minutes (thus the data are continuous, not categorical).
To control for the highly pseudo-replicated nature of the
raw data, we averaged, for each day, the activity data
recorded by each collar over the ﬁve periods of the 24-h
cycle. Thus, the data set consisted of one activity value
for night, morning twilight, morning, afternoon, and
evening twilight, for each day and for each individual.
Study animals were followed during daytime and the
observed behavior matched with the data collected by
the collars at the time of observation. Resting animals
usually showed activity levels of about 5–15 counts per 5
minutes depending on the species, and we include this
threshold line in some of our graphs to help visual
interpretation of the results.
For the four species, we calculated mean activity
values during each period of the 24-h cycle during full-
moon and new-moon days, as well as mean activity
values for the seven periods of the night during full-
moon, half-moon (waning and waxing), and new-moon
days. Periodicity in the nocturnal activity of the four
species was analyzed using Fourier spectral analysis,
performed using the statistical software R (R Develop-
ment Core Team 2011). The Fourier algorithm isolates
the period of a sinusoidal waveform (e.g., Polansky et al.
2010), and was applied to nocturnal activity values of
each individual separately. Because Fourier analysis
does not reveal the directionality and strength of the
relationship between variables, we analyzed nocturnal
activity using linear mixed-effects models (performed
using the statistical software GenStat [VSN Internation-
al, Hemel Hempstead, UK]) with moonlight intensity as
an explanatory variable. Nocturnal activity, the re-
sponse variable, was log-transformed to meet the
assumptions of normality and homoscedasticity. Animal
identity was treated as a ﬁxed effect; night temperature
and activity during the previous day time were entered
as covariates; moon cycles and days nested within moon
cycles were treated as random effects. We included a
ﬁrst-order auto-regressive error structure when neces-
sary, based on diagnostic plots of residuals.
5 http://www.jacananet.com/Weather.htm
GABRIELE COZZI ET AL.2592 Ecology, Vol. 93, No. 12
To further investigate the effects of nocturnal activity
on the activity levels during the following day and to
understand how activity was partitioned across the 24-h
cycle, we constructed four additional mixed-effects
models with, respectively, morning twilight activity,
morning activity, afternoon activity, and evening
twilight activity as response variables. The activity
variables were log-transformed to meet the assumptions
of normality and homoscedasticity. For each model,
animal identity, moonlight intensity, activity during the
previous periods of the 24-h cycle (e.g., morning twilight
activity when analyzing morning activity), and temper-
ature of the respective period were treated as ﬁxed
effects. For both models, moon cycles and days nested
within moon cycles were treated as random effects.
Model simpliﬁcation started from a full model and
followed a backward selection procedure based on the
Akaike Information Criterion (Zuur et al. 2009).
Denominator degrees of freedom reported in the text
were rounded to the nearest integer. Signiﬁcance was
assessed at P ¼ 0.01. Throughout the Results, central
tendency values are expressed as mean 6 SE.
RESULTS
Nocturnal activity of wild dogs and cheetahs com-
prised, respectively, 25.9% 6 2.1% (mean 6 SE) and
25.6% 6 3.5% of the overall diel activity budget, a high
value for two species currently described as day active.
In contrast, for lions and hyenas, nocturnal activity
made up 60% 6 2.7% and 67.9% 6 2.6% of their
respective activity budgets (Table 1). In addition, wild
dogs and cheetahs conducted roughly half of their total
activity (wild dogs, 51.3% 6 1.3% and cheetahs, 43.8%
6 1.9%; Table 1) during the main activity periods of
lions and hyenas (night and twilight). This rather
extensive and unexpected overlap between the activity
patterns of the subordinate and the dominant predators
is inconsistent with the idea of strict temporal partition-
ing.
Mean activity values over the ﬁve periods of the 24-h
cycle (night, morning twilight, morning, afternoon, and
evening twilight) showed signiﬁcant differences between
full-moon days and new-moon days for wild dogs and
cheetahs but not for lions and hyenas (Fig. 1 and Table
1). This suggests that the activity pattern of wild dogs
and cheetahs changes over a lunar cycle, while the
activity pattern of lions and hyenas remains constant
and is thus uncoupled from the phases of the moon (Fig.
1 and Table 1). On full-moon days, about 40% (wild
dogs, 40.4% 6 3.8%; cheetahs, 39.7% 6 4.4%) of the
total diel activity of wild dogs and cheetahs occurred at
night while this ﬁgure dropped to approximately 15%
(wild dogs, 15.9% 6 2.2%; cheetahs, 13.8% 6 2.4%)
during new-moon days (Table 1). In contrast, the
nighttime activity of lions and hyenas did not change
between the different phases of the lunar cycle (Table 1).
The Fourier spectral analysis showed that the
nocturnal activity of six of the seven wild dogs had a
main period of 29.17 6 0.75 d (mean 6 SE)
corresponding very closely with the lunar cycle of
29.53 d (Figs. 2 and 3); one wild dog (#4) did not show
any periodicity (Fig. 3b). Five of the cheetahs exhibited
a main period of 30.45 6 0.49 d (Figs. 2 and 3), while
one individual (#3) showed little signature at this
wavelength (Fig. 3c). In contrast to wild dogs and
cheetahs, the nocturnal activity of lions and hyenas
showed no relationship with the lunar cycle, although
they exhibited shorter activity cycles of a few days (Fig.
2). A ﬁne-scale investigation of the nighttime activity
between different phases of the lunar cycle showed that
wild dogs and cheetahs adjusted their nocturnal
behavior according to the presence of the moon in the
sky. For example, during a waning moon, when the
moon is in the sky during the ﬁrst half of the night, both
species were highly active during the hours preceding
midnight (Appendices D and E). With sufﬁcient
moonlight, the night activity levels of wild dogs and
cheetahs was comparable with activity levels exhibited
during the morning twilight on full-moon days (compare
Fig. 1 with Appendices D and E). In contrast, the
activity of lions and hyenas was not related to the
presence of the moon in the sky and remained generally
constant during the night (Appendices F and G). This
further supports our prediction that moonlight intensity,
rather than the activity of lions and hyenas, is a major
driver inﬂuencing the nocturnal activity of wild dogs
and cheetahs.
In the linear mixed-effects models, the nocturnal
activity of lions and hyenas showed no relationship with
moonlight intensity, despite reports that the hunting
success of lions increases when the moon is absent or
obscured by clouds (Funston et al. 2001, Packer et al.
2011). In contrast, there was a strong positive relation-
ship between wild dogs’ nocturnal activity and moon-
light intensity (F1, 571¼ 231.06, P , 0.001), although one
individual (#4) showed no nocturnal activity (interac-
tion term individual by moonlight, F6,1020 ¼ 4.33, P ,
0.001; Fig. 3). For cheetahs, there was a similar positive
relationship between nocturnal activity and moonlight
intensity (F1, 981¼ 164.02, P , 0.001) although one male
(#3) showed consistently high levels of activity at night
(interaction term individual by moonlight, F5, 981¼ 6.38,
P , 0.001; Fig. 3). For both wild dogs and cheetahs, the
total diel activity remained roughly constant over a
lunar cycle and hence showed no relationship with
moonlight intensity (wild dog, F1, 512 ¼ 0.69, P ¼ 0.41;
cheetah, F1, 980¼ 1.37, P¼ 0.24). This suggests that wild
dogs and cheetahs trade off and partition nocturnal and
diurnal activity according to available moonlight.
To further investigate this suggestion and understand
how diel activity was partitioned, we carried out
additional analyses for each period of the 24-h cycle.
For both wild dogs and cheetahs, high levels of
moonlight intensity negatively inﬂuenced the activity
during each period of the following day, with the
exclusion of the evening twilight activity of cheetahs (all
December 2012 2593PATTERNS OF ACTIVITY IN LARGE CARNIVORES
P values ,0.001; Appendix B). For wild dogs, high
activity levels during moonlit nights led to decreased
activity the following day (except for the evening
twilight activity, which was independent of the activity
during the previous night; Fig. 1 and Appendix B).
Morning twilight and morning activity showed a
positive relationship as did afternoon and evening
twilight activity (Appendix B). Wild dogs thus show
three distinct activity periods (night; morning twilight
and morning; afternoon and evening twilight) clearly
separated by phases of inactivity. The patterns for
cheetahs were different: after correcting for differences
in activity due to differences in moonlight intensity (Fig.
1 and Appendix B), we found that levels of activity in
adjacent periods showed a positive relationship; hence it
seems that, once active, cheetahs remain active over long
periods (Appendix B). For both species, temperature
negatively inﬂuenced activity only during the hottest
part of the day (i.e., morning and afternoon periods;
Appendix B).
DISCUSSION
In contrast to previous studies suggesting a high
degree of temporal partitioning among African large
predators (Hayward and Slotow 2009), our study in the
Okavango Delta revealed extensive temporal overlap.
This was mainly due to the unexpected nocturnal
activity of wild dogs and cheetahs, the two species
previously regarded as diurnal, and the partly diurnal
habits of lions and hyenas. Only for wild dogs and
cheetahs was nocturnal activity correlated with the lunar
cycle: with sufﬁcient moonlight, both species were
considerably active at night and nocturnal activity
constituted almost half of the total diel activity on full-
moon days. It therefore seems that activity patterns of
these subdominant species are primarily constrained by
light availability, rather than by the activities of the
larger, dominant species. Our ﬁndings support the idea
that, at the diel level, temporal niche partitioning may be
a relatively rare event (Schoener 1974b).
Our results conﬂict with those from the meta-analysis
carried out by Hayward and Slotow (2009) who
concluded that available studies did not support
nocturnal behavior for wild dogs and cheetahs. Howev-
er, the authors used data from different sites that had
been collected opportunistically using a range of
different methodologies for different species. In addi-
tion, they often assumed that the timing of sunrise and
sunset were constant through the year and along a
latitudinal gradient. These assumptions can lead to
incorrect conclusions, as pointed out by Nouvellet et al.
(2011). Although our results are not consistent with the
hypothesis that activity patterns of dominant competi-
tors have been the main force shaping the temporal
niches of wild dogs and cheetahs, we nonetheless
acknowledge that lions and hyenas pose a real threat
TABLE 1. Portion of activity during the ﬁve periods of the 24-h cycle over an entire lunar cycle and
for two different phases of the lunar cycle.
Portion of activity (%)
Time period Wild dog Cheetah
Spotted
hyena Lion
Overall
Night 25.9 6 2.1 25.6 6 3.5 67.9 6 2.6 60.0 6 2.7
Morning twilight 11.0 6 0.9 9.9 6 1.4 8.1 6 0.8 7.4 6 0.7
Morning 28.7 6 1.6 34.3 6 2.1 10.4 6 1.7 16.3 6 1.4
Afternoon 19.9 6 1.5 21.9 6 1.5 5.0 6 1.1 9.3 6 1.8
Evening twilight 14.4 6 0.8 8.3 6 0.7 8.6 6 0.5 7.9 6 0.8
Partial overlap 51.3 43.8 84.6 75.3
Full moon
Night 40.4 6 3.8 39.7 6 4.4 66.7 6 2.3 57.7 6 4.0
Morning twilight 8.5 6 0.5 7.1 6 1.6 9.3 6 0.4 7.7 6 0.5
Morning 21.2 6 2.4 28.1 6 2.1 10.5 6 1.7 16.9 6 2.1
Afternoon 16.9 6 1.8 17.2 6 1.0 4.9 6 1.2 9.8 6 2.0
Evening twilight 13.1 6 1.3 7.8 6 0.7 8.6 6 0.6 8.0 6 0.9
Partial overlap 62.0 54.6 84.6 73.4
New moon
Night 15.9 6 2.2 13.8 6 2.4 67.7 6 2.9 60.9 6 2.4
Morning twilight 13.6 6 1.0 12.3 6 1.2 7.6 6 1.3 7.4 6 0.8
Morning 32.2 6 1.9 40.1 6 2.0 10.8 6 1.6 14.5 6 1.4
Afternoon 21.9 6 1.9 24.7 6 1.8 5.0 6 1.1 9.2 6 1.4
Evening twilight 16.3 6 1.3 9.1 6 0.7 8.9 6 0.5 8.0 6 0.8
Partial overlap 45.8 35.2 84.2 76.3
Notes: Values are means 6 SE. Partial overlap is the sum of the activities recorded during the
three periods of major lion and hyena activity (night, morning twilight, and evening twilight) and
shows how much of the diel activity of wild dogs and cheetahs takes place during times of
overlapping activity with their two stronger competitors.
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(Laurenson et al. 1995, Mills and Gorman 1997,
Gorman et al. 1998). Playback experiments have for
example revealed short-term behavioral modiﬁcations in
response to the presence of lions and hyenas such as
reduced hunting activity and ﬂeeing behavior (Durant
2000, Webster et al. 2011), and simulation models
revealed the sensitivity of wild dog populations to lion
predation (Vucetich and Creel 1999).
Only wild dogs and cheetahs showed nocturnal
activity patterns that were correlated with the availabil-
ity of moonlight while the nocturnal activity of hyenas
and lions did not vary over the lunar cycle. This raises
the question of why good light is a key requirement for
activity in wild dogs and cheetahs but not in lions and
hyenas. Both wild dogs and cheetahs hunt small and
medium-sized antelopes, e.g., impala (Aepyceros melam-
pus), and conduct high-speed chases over relatively long
distances. During such chases, wild dogs can pursue
their prey at 40–60 km/h for more than 1 km and
cheetahs reach speeds of over 100 km/h for several
hundred meters. Such long, high-speed chases are
inherently risky and good light conditions (i.e., during
the day and on moonlit nights) and sufﬁcient visibility
are likely to be essential to maintain contact with the
prey, avoid fatal injuries, and increase hunting success
(Schaller 1972, Bertram 1979, Creel and Creel 2002,
Rasmussen and Macdonald 2011). This cursorial
hunting technique is in clear opposition to the ambush
hunting technique of lions, whose success increases when
the moon is absent or obscured by clouds (Funston et al.
2001, Packer et al. 2011). Different foraging techniques
may thus explain the different activity patterns among
the species of the guild, and stress the evolutionary
importance of bottom-up forces (e.g., prey acquisition)
in shaping the behavior of large predators.
If lions and hyenas pose a threat to wild dogs and
cheetahs, why do they not completely avoid nocturnal
activity? One possibility is that they must take every
opportunity to catch prey and that they cannot afford to
miss exploiting nights with sufﬁcient moonlight. Thus,
wild dogs and cheetahs may have evolved short-term
visual, auditory, and olfactory cues, e.g., ﬂeeing on
hearing lion calls, to avoid potentially dangerous
situations, rather than completely avoiding being night
FIG. 1. Mean activity values (deﬁned in Methods: Data analysis) during ﬁve periods of the 24-h cycle for full-moon days (solid
lines) and new-moon days (dashed lines). Error bars represent standard errors of the mean. Connecting lines between mean values
have been added for visualization purposes. The horizontal dotted line shows the inactivity threshold.
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active. Neither wild dogs nor cheetahs showed any
cyclical pattern in their total diel activity over the course
of a lunar cycle, suggesting that nocturnal activity was
not a strategy to increase the overall activity budget.
Instead, wild dogs showed clear trade-offs in activity
between adjacent periods within a 24-h cycle. For
example, a night with high activity was followed by a
morning with reduced activity, implying that nocturnal
activity allowed or forced subdominant species to rest
the next day. We therefore assume that the beneﬁts of
nocturnal activity offset the risks of encountering night-
active predators and competitors. Indeed, we might
expect hunting success to be higher at night because prey
animals have a reduced chance of spotting predators
under dim light conditions. For example, it is known
that hunting success in cheetahs is higher when they can
stalk undetected very close to intended prey (FitzGib-
bon and Fanshawe 1988) and that wolves (Canis lupus)
are almost twice as successful when hunting on moonlit
nights (Theuerkauf et al. 2003). To the contrary, the
high levels of activity during early mornings that
followed moonless nights, when activity was limited,
suggest a behavioral response to an increasing hunger
risk.
The inﬂuence of moonlight on the hunting behavior of
predator species has been widely described for nocturnal
species (Horning and Trillmich 1999, Lang et al. 2006),
and our results suggest that moonlight can equally
inﬂuence (allegedly) diurnal species. Understanding and
quantifying the energetic budget of single species based
on patterns of activity is beyond the scope of this study;
nevertheless, on the basis of our ﬁndings, it is evident
that wild dogs and cheetahs have more time to fulﬁll
their energetic requirements than just a few hours in the
morning and in the late afternoon as currently assumed.
Further research is thus required to understand the role
of each period of the 24-h cycle for the diel energetic
budget as compared to the diel activity budget.
Our ﬁndings suggest that the temporal niches of
subdominant large predator species are only moderately
shaped by the need to avoid predation and competition
(Schoener 1974b, Lima and Dill 1990, Theuerkauf 2009).
This is in contrast to ﬁndings at other trophic levels, for
example, in guilds of herbivore species (Sinclair et al.
2003, Chesson and Kuang 2008). Subdominant large
predators must trade off the risk of encountering
dominant species against the risk of starvation (e.g.,
Lima 1988, Roth and Lima 2007) and subdominant
large predators appear to be mainly ‘‘starvation driven.’’
The well-documented positive relationship between the
distribution and density of prey species and their
predators (e.g., Carbone and Gittleman 2002) further
suggests a tight casual association between bottom-up
forces and communities of large predators. Additional
research in ecosystems characterized by different densi-
ties of competitors and prey species will be necessary to
better understand the role of top-down and bottom-up
forces in shaping animal communities and facilitating
coexistence. In contrast to herbivores, large carnivores
must invest a lot of energy ﬁnding and catching food, as
prey are widely scattered, often rare, and difﬁcult to
catch, and hunting is energy-intensive, time-consuming,
and often unsuccessful (e.g., Carbone et al. 1999). Given
the relative difﬁculty of catching a meal vs. the relatively
low likelihood of encountering a dominant species (large
predators live at relatively low densities [Carbone and
Gittleman 2002]), we conclude that, on moonlit nights,
wild dogs and cheetahs prioritize hunting opportunities
and success over the need to avoid been hunted and over
the possibility of losing their kill. In conclusion, it
appears that under favorable light conditions, the
beneﬁts of nocturnal activity outweigh the costs of
encountering stronger competitors and predators.
FIG. 2. Spectrogram showing periodicity in the nocturnal
activity pattern of a typical African wild dog, cheetah, spotted
hyena, and lion. Activity data recorded by the collars were
averaged per night and investigated using Fourier spectral
analysis. For comparison, the spectrogram of the moon is
shown. While the activity of wild dogs and cheetahs shows a
main period of 30 days (similarly to the period of the lunar
cycle), the activity of spotted hyenas and lions show cyclicity
every few days. The width of each peak is a measure of
accuracy.
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